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(57) Abstract 

An apparatus and process for detecting concentrations 
of nitrogen such as explosives or narcotics, in suspect articles 
such as luggage (G). A racetrack microtron or linear accelera- 
tor (N) having an electron beam (B) at an energy level in the 
range of 50 MeV is electronically swept across a tungsten tar- 
get (W) across the width of a suspect bag (G). The bag (G) is 
irradiated from the tungsten target (W) with x-radiation to 
produce the short lived isotope N 12 . An array of scintillation 
detectors (A, B, C, D) observes gamma radiation of the 4.4 
MeV level produced in the decay of the N 12 . Two counts of 
the scintillation are taken; one for the entire observed half 
lives of decay (preferably 4) and the other for the ending half- 
life. This latter count is multiplied by four and subtracted and 
thereafter the remnant level observed. This latter count im- 
parts to the test a high sensitivity enabling background levels 
of N 13 , O 15 and other short-lived positron emitting contami- 
nants to be subtracted out of the count 
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IMPROVED NITROGEN DETECTION 

5 This invention relates to an improved nitrogen 

detector and more particularly to an apparatus and pro- 
cess for screening suspect articles such as luggage for 
excess quantities of nitrogen, the excess nitrogen being 
possibly contained in explosives . 

10 

PRIOR ART 

It has been, -proposed to tag all commercially 
produced explosives with a unique material that can be 
easily identified. Vapor taggants of considerable 

15 cleverness ,have been investigated. However, they have 
two strikes against them, namely the required coopera- 
tion of explosives manufacturers (common to any taggant 
program; explosives manufacturers are particularly re- 
sistant to introducing any substance that reduces the 

20 performance or reliability of the explosive), and the 
ease with which the system can be circumvented by 
appropriately sealing the bomb. 

This second drawback can be circumvented if a 
taggant is used that can be detected by its nuclear 

25 properties, or by some other penetrating probe. I have 
previously suggested U.S. Patent 4,251,726 entitled 
"Deuterium Tagged Articles Such As Explosives And Method 
For Detection Thereof" issued February 17, 1981 that 
explosives or detonators that have been partially 

30 deuterated are easily detected by irradiation with 4 
MeV gammas. This takes advantage of the fact that deu- 
terium has the second lowest threshold for (gamma, n), 
and has the additional advantage that explosive perform- 
ance is not sacrificed, since deuterated X has the same 

35 chemistry as ordinary X. The estimated cost is of the 
order of 10 cents per detonator or stick of dynamite. 
This scheme is adaptable to area searches (when everyone 
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has been evacuated), where* with the longer integration 
time permitted, it is possible to search a substantial 
fraction of an airplane at once. Unfortunately, all 
tagging schemes have the distinct disadvantage that 
5 they have no applicability to scenarios that are driven 
by forces of international terrorism. 

With almost no exceptions, all explosives 
current in use contain large amounts of nitrogen, typi- 
cally between 20% and 35% by weight. Although there 

10 are some common articles that also contain nitrogen 
(animal products and some synthetics), they generally 
have nitrogen present in lower concentrations and being 
generally more spread out- 

A known method of nitrogen detection exploits 

15 the nuclear . reaction produced by the capture of slow 
neutrons by nitrogen nuclei, giving off an unusually 
high energy (10.8 MeV) undelayed gamma ray that is eas- 
ily detected by scintillation detectors. (One of the 
important improvements in the present invention, over 

20 the one just described, comes from the fact that the 
counting of gamma rays from the nitrogen isotope of 
interest can be done when the exciting radiation source 
has been turned off.) The parcel to be examined passes 
through a shielded enclosure in which it is subject to 

25 slow neutrons while being examined for gamma emission. 
In order to "see" whether the source of gamma rays is 
compact (a bomb) or spread out (a nylon sweater), a 
number of detectors are used to form a crude image of 
the gamma emitting object, i.e., the shape of the nitro- 

30 gen-containing material. It must always be crude, since 
gamma ray detectors cannot be made with both good di- 
rectivity and high sensitivity. 

As additional related prior art, I discovered 

12 

N and observed its then- record-holding short half- 
35 life (12 ms) in about 1949. Nitrogen 12, Physical Re- 
view, 1949. The decay of this lightweight isotope is 
almost unique in that it emits alpha, beta and gamma 
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rays, with the beta rays carrying a positive sign (posi- 
trons), and the gamma rays coming in two quite distinct 

energies, arising from two quite different processes. 

12 

As do all positron emitters, N gives off two oppo- 

5 sitely directed gamma rays, with energies of 0.511 MeV, 

when the positron stops and annihilates in contact with 

12 12 

an ordinary electron. The decaying N turns into C , 



% of the time in its ground state. But in 2% of the 
decays, the C 12 is formed in an excited state, 4.4 MeV 
10 above the ground state, and that state immediately de- 
cays by the emission of a 4.4 MeV gamma ray, that ex- 
hibits the 11 millisecond half-life (present best value) 
of all the other decay products. So only one percent 
of the emitted gamma rays have the 4.4 MeV energy; the 
15 others have 0.511 MeV of energy. 

The reaction N( gamma, 2n) N was seen by 
Panofsky et al. in about 1952. This reaction has re- 
ceived little, if any, attention since its discovery, 
to the point that in a careful search of tabulations of 
20 nuclear reactions, I did not find any reference to this 
reaction. (I learned of it only recently, in a private 
conversation with Dr. Panofsky, when I told him I was 
sure it would occur, and wondered what its cross- section 
might be. It was at that time that he referred me to 
25 his 1952 article in Physical Review.) 



RELATED DISCLOSURE 
(NOT PRIOR ART) 
A method and apparatus for detecting concen- 
30 trations of nitrogen between 20% and 30% by weight such 
as is common in explosives is disclosed. An electron 
accelerator having an output electron beam at a level 
of about 50 MeV is targeted onto a typically tungsten 
target to provide gamma radiation levels. Deflection 
35 magnets adjacent to the target deflect the electron 
beam of the accelerator to cause it to scan. Articles 
placed on a conveyor containing suspect nitrogen are 
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systematically scanned and output gamma radiation of 
4. 4* MeV detected from nitrogen 12* Nitrogen concentra- 
tions and consequently expected concealed explosives 
are easily mapped in two or. three dimensions^ quantita- 
5 tively. See Patent Application entitled "Nitrogen Detec- 
tion" filed October 9, 1985 as Serial No, 06/847,191. 

SUMMARY OF THE INVENTION 
An apparatus and process for detecting concen- 

10 trations of nitrogen in articles such as luggage, is 

disclosed. The parameters of detection are designed to 
prevent concealed explosives from escaping detection. 
In its simplest form, and directed to baggage search, 
an accelerator having an electron beam with an energy 

15 of approximately 50 MeV is electronically swept across 
a tungsten target at 2%-inch wide intervals across the 
width of a suspect bag passing at a rate of approximately 
6 inches per second. I consider the "standard bag, " 32 
inches long, 24 inches high, and 16 inches wide, lying 

20 on its side on a movable belt. A square section volume 

the depth of the bag is irradiated downward from the 

tungsten target with high energy x-rays to produce among 

12 

other things the short-lived isotope N (11 millisecond 
half-life is the present "best value"}. A large scintil- 
25 lation detector having a fractional solid angle of as 
much as 80% to 90% of the maximum possible observes and 

12 

counts the 4.4 MeV gamma rays from the decay of N . A 
computer memory with about 130 storage registers accumu- 
lates counts, with the number in each register being 

30 proportional to the number of grams of nitrogen beneath 
the corresponding 23s- inch square pixel on the large 
surface of the bag. At the "slow belt rate" of 6 inches 
per second, the 32 inch bag passes the x-ray beam in 
5.3 seconds, so each pixel is examined for 5.3/130 = 

35 0.041 seconds, or nearly 4 half lives of N . So the 
number of 4.4 MeV gamma ray counts is proportional to 
the number of grams of nitrogen in the 2.5-inch square 



Wo 88/01788 



PCT/US87/02170 



pixel. To a good approximation, only nitrogen can give 
rise to counts "in the 4.4 MeV window," but methods of 
cancelling any possible interferences by non-nitrogenous 
materials will be discussed. 
5 A tunnel constructed for the detector is dis- 

closed which includes a mineral oil "backstop" for the 
bombarding high energy x-radiation and a boron glass 
plus lead lining to inhibit slow neutrons and gamma 
rays from escaping the testing chamber. A technique 
10 for atmospheric flushing of the bag is disclosed where 
the sensitivity of the test must exceed the level of 
atmospheric nitrogen background. 

OTHER OBJECTS AND ADVANTAGES 

15 An object of this invention is to disclose an 

improved apparatus and technology for use in detecting 

the presence of nitrogen in containers such as baggage. 

12 

It operates by observing the decay of N , and discrimi- 
nating the N 12 out on the basis of its unique delayed 

20 gamma ray energy of 4.4 MeV, with a back-up related to 
its uniquely short half-life of 11 milliseconds- In an 
earlier technique, one observes prompt gamma rays with 
energies in the 10.7 MeV range, but such high energy 
gamma rays are not seen in radioactive decay. Examina- 

25 tion of the isotope table shows that hardly any inter- 

fering gamma rays in the 4.4 MeV range are known, so 

the detection of such a delayed gamma ray is convincing 

12 

proof that N has been detected, even without noting 
its 11 millisecond half -life; when that short life is 

30 observed, the proof can be made beyond doubt. 

The surprising feature of the present inven- 
tion is that I have found that I can build the most 
useful nitrogen detector by ignoring the very intense 
annihilation radiation (200% per decay), and concentrat- 

35 ing on the 4.4 MeV gamma ray (2% per decay). This is 
even more surprising when one realizes that the two 
annihilation quanta have a unique feature (colinearity, 
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back^to^-back) , that offers a number of advantages when 

searching baggage for high explosives. So I am giving 

up three obvious advantages that derive from the use of 

the very abundant annihilation radiation* (1) increased 

5 intensity, by a factor of 100, (2) colinearity, which 

could be used to pinpoint the location of the stopped 

positron, and (3) the use of two coincident pulses to 

eliminate the troublesome "shot noise" from a photomul- 

tiplier tube used at high sensitivity. 

10 It will be apparent to those skilled in the 

art that when I give up these important features of the 
12 

N signature, I must get something important i*i return. 
And that is the freedom from interference by short-lived 
positron emitters, most of which can be made by the 

15 more prolific (X ,n) reactions on elements such as Mg> 
Al, Si, S, CI, .K* and Ca, all common enough to be found 
in baggage. A search of all entries in the Table of 
Radioactive Isotopes, John Wiley & Sons, 1986, has turned 
up a few gamma ray emitters in the 4.4 MeV range, but 

20 out of a total of 20,<300 tabulated gamma ray energies, 
that is a very small fraction, and fortunately none of 
those radioactive isotopes will interfere with the de- 
tection of nitrogen in baggage. First of all, almost 
all radioactive gamma rays have energies below 1 MeV, 

25 and a very few are in the 1 to 4 MeV range. Almost 

none have energies above 4 MeV, and the following list 

tabulates all that are of interest — but of no concern 

to this proposed search technique. 

11 

(1) .Be , half- life 13.6 seconds has a 4.67 

30 MeV gamma ray, with a 2 . 1% branching ratio, and it can 

be made from B 1 ^, in an (n,p) reaction. So the boron I 

have suggested might line the tunnel must be kept at 

some distance from the detector. So Be 11 will not 

cause any problems; boron- is not a frequent constituent 

35 of baggage, and because of the 13.6 second half-life 

11 

any Be counts would be of low intensity and appear to 
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be spread uniformly throughout the bag, and would not 

pass the test for very short half lives. 

38 

(2) Ca has a 0.44 sec half-life, and a 3.2 

MeV gamma ray, at 0.29% branching ratio. Even without 

38 

5 good gamma ray energy resolution, Ca should cause no 

trouble because its half-life is 40 times greater, giv- 

12 

ing us two factors in favor of N , 40 x 14, with another 

factor of 2%/0.29% =7. So, without good gamma ray 

12 

energy resolution, N should give about 4000 times as 

38 

10 many useful counts per gram as Ca . . 

37 

K should give even less of a problem than 

38 

Ca,* . Its half-life is 1.23 sec, its gamm^ ray energy 
is 3.6 MeV, but its branching ratio is only .014%. 
(The second time-dependent factor will be explained 

38 3 7 

15 later.) (Both Ca and K are made in the (T,2n) pro- 
cess, so their production cross- sections will be sub- 
stantially less than the ones made in the (T,n) reac- 
tions, that are eliminated by ignoring the annihilation 
radiation. ) 

20 (3) CI 32 , Al 24 and P 28 are all made by the 

(T,3n) reaction, with high threshold energies, longer 
half lives and small cross-sections, so they will cause 
no problems. 

13 

(4) O is also made in a (Y,3n) reaction, 

25 has a half-life of 8.9 milliseconds, and emits the same 

12 

4.4 MeV gamma ray as does N . So the only property of 

13 

0 that keeps it from ruining the detection scheme 

outlined here is that the threshold energy for making 
13 16 

0 from O is 52 MeV, which is higher than the energy 

30 available in the suggested 50 MeV x-ray beam. (The 

x-ray energy can probably be increased to 60 MeV without 

13 

encountering enough 0 to cause trouble, because (3T,3n) 
cross-sections start up slowly above their energetic 
thresholds. ) 

16 

35 There is a possibility that N , formed by 

fast neutrons on oxygen could give rise to some counts 
in the "4.4 MeV window," but a method of automatically 
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subtracting such counts out of the storage registers 
will now be described. 

16 

The 7 second half-*life N is a unique radio- 
active substance in that it emits both high energy nega- 
5 tive beta rays, with a maximum energy of 10.4 MeV, to- 
gether with two of the highest energy radioactive gamma 
rays known--6.1 and 7.1 MeV. There is little chance 
that these high energy gamma rays could be mistaken for 
the 4,4 MeV gamma rays from N 12 , but it is easy and 

10 valuable to count them in "their own energy window." 

16 

There are two minor ways in which the decay of N 

might give an occasional count "in the 4*4 MeV energy 

window, " and so gave a fake indication that such a count 

signalled the presence of nitrogen, rather than oxygen, 

16 

15 from which the N was formed. The first way involves 
the production of bremsstrahling, or continuous x-rays 
(by the same process used to generate the 50 MeV 
x-rays — fast electrons "shake-off" photons when they 
are scattered by nuclei)* The production of such x-rays 

20 varies directly with the Z of the "target, " which is 

why we use tungsten when we want the most x-rays possi- 
ble. So the production of bremsstrahling is first of 
all down by a factor, of 10, the ratio of the atomic 
numbers of tungsten and oxygen, and secondly, it is 

25 down by another factor of ten or more, because x-ray 
photons of all energies comprise the bremsstrahling, 

12 

rather than the narrow 4.4 line from N . (A 
bremsstrahling photon with an energy of 4.4 MeV is 
identical to the desired photons from N » so it will 

30 be counted in the large scintillation detector.) 

Another way that N 16 could give some light 
flashes in the large scintillator is by being made in- 
side the scintillator, by neutrons interacting with 
some oxygen atoms that may be required to be present to 

35 make the scintillator operate properly. We will do our 
best to minimize the presence of oxygen in the plastic 
scintillator, but some small amount may be necessary. 



i 
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One normalLy adds a fluorescent material (fluor) to an 
organic solvent, such as Xylene or mineral oil. (I 
will treat the solid organic scintillator in this dis- 
cussion of the way organic scintillators work, as though 
5 it were a liquid because I don't know the proper words 
to describe the manufacture of solid scintillators; it 
may be a trade secret, but certainly the basic physics 
of liquid and solid organic scintillators is the same, 
in that only small amounts of active scintillating ma- 
10 terial must be mixed into the inert energy absorbing 

material.) The solvent molecules are excited by colli- 
sions with the fast electrons or positrons released l?y 
the action of the gamma rays. The excitation lives 
long enough in the solvent molecules so that they can 
15 transfer their energy to the fluor molecules, in subse- 
quent collisions, and that molecular-transferred energy 
gives rise to the optical photons that are eventually 
detected by the photomultipliers. It is for this reason 
that we can make a satisfactory organic scintillator 
20 when only a few percent of the molecules present have 
any fluorescent properties. (I3ie bulk of the liquid is 
an inexpensive organic solvent. ) A typical fluor in 
use with a Xylene solvent is diphenyloxazole, which has 
a molecular weight of 220, with only one oxygen atom in . 
25 its molecule. So the fraction of the molecule that is 
oxygen, by weight, is 16/220 = 7%. When we multiply 

this small fraction by the fluor to solvent ration, we 

16 

see that the chance of making N is very small, and 
since its half-life is 700 times greater than that of 
30 N 12 , the initial counting rate is 700 times smaller, 

for the same number of radioactive atoms produced. And 
as I will soon show, by the use of a "real time subtrac- 
tion technique," the numbers of recorded counts will be 
still further reduced. And as I said earlier, gamma 

16 

35 rays from N . should not cause problems, and the only 

16 

other way N counts can be detected are those made 
inside the scintillator, and from positrons in the energy 
range from 3 MeV to 3.8 MeV (400 keV on either side of 
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10 

12 

the desired "line" from N gamma rays). And those 

counted positrons are only a very small fraction of the 

16 

continuous positron spectrum from N . As will be ex- 
plained later* we typically lose 1.022 MeV in recorded 
5 gamma ray energy by not absorbing the two annihilation 
gamma rays from the positron made in the "pair-produc- 
tion™ absorption of the 4.4 MeV gamma ray. And as I 
mentioned, those beta ray counts can be eliminated by 
two separate tests, (1> they don't appear as a "line" 
10 at 3*4 MeV, and (2) they have a half-life 700 times too 
long. 

16 

• Another remote possibility of making J$* from 



the oxygen in the liquid is by x-ray interactions with 
the very rare heavy isotopes of oxygen* for example 
15 O 17 ^,?^ 1 ^ or 0 18 (r*d)N 16 . I mention these very im- 
probably reactions to indicate how thoroughly I have 
searched to find reactions that might interfere with 

the detection of nitrogen. (Oxygen plus high energy 

12 

x-rays can produce true N , by improbable reactions 
20 such as O^fr.n+H 3 )!* 12 , and 0 16 (* ,2n+d)N 12 , but it is 

* * 

doubtful that such reactions will contribute appreciably 
to the total count of 4.4 MeV gamma rays.) 

The foregoing analysis gives me confidence 
that the proposed nitrogen detector will respond only 

25 to nitrogen, and will yield no appreciable number of 
false counts due to other elements. 

A further object of this invention is to dis- 
close an improved detection apparatus. According to 
this aspect, a tunnel, preferably in the ground, is 

30 irradiated from overhead through the bag on its trans- 
porting belt and onto an oil backstop. A large organic 
scintillator composed of individual elements A, B, C, D 
is placed around the suspect luggage G. Scintillator 
elements B and D are divided so as to define a gap per- 

35 mitting the X-ray beam and interval in which to pass. 
The remaining scattered produced radiation (gamma rays 
and slow neutrons) impacts peripheral boron glass plus 
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lead walls lining the tunnel. Luggage passing at the 
rate of 6 inches per second can be automatically screened 
for contained explosives. 

An advantage of the disclosed tunnel construe- 
5 tion is that it may be easily assembled in most air- 
ports at a ground-level facility. 

Yet another advantage of the disclosed system 
is that low levels of radioactivity only are created; 
the system may be repaired after relatively short peri- 

10 ods for shutdown. One option is to have a single ac- 
celerator whose beam can be switched between two neigh- 
boring tunnels, so that the secpnd tunnel, with its 
belt and scintillation detector could be used while the 
residual radioactivity in the first tunnel was decaying 

15 to a level acceptable to a repair crew. 

Yet another object of this invention is to 
disclose a system of flushing background atmospheric 
nitrogen from luggage. According to this aspect the 
atmospheric pressure in luggage is cycled three times 

20 to a level of approximately 1/2 an atmosphere. In re- 

* • 

pressurizing, the luggage is exposed to a carbon dioxide 
atmosphere. There results a flushing of all but 1/10 
of the atmospheric nitrogen from the bag. I do not 
believe that this flushing operation will ever be needed, 

25 but it is good to know that it is easy to accomplish. 

An additional advantage of this disclosed 
invention is that it is capable of locating narcotics 
check in inspected articles such as baggage, where the 
narcotics have a nitrogen content in excess of 3% by 

30 weight. 

BRIEF DESCRIPTION OF THE FIGURES 
Other objects, features and advantages of 
this invention will become more apparent after referring 
35 to the following specification and features in which: 

Fig. 1 is a perspective partially broken away 
view of a tunnel illustrating a racetrack microtron or 
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linear accelerator bombarding a suspect bag passing on 
a transporting belt with a surrounding scintillation 
detector ; 

Fig. 2 is a graphic plot illustrating a tech- 
5 nique for eliminating undesired half-life counts in 
real time; 

Fig. 3A is a perspective view of one of the 
detector elements A, B t or D illustrating a preferred 
construction of one of the detector elements; and 
10 Fig. 3B is a detail of the detector of Fig. 

3A. 



• 



DETAILED DESCRIPTION OF THE FIGURES 

Fig. 1 shows a perspective view of the appa- 

15 ratus of this invention. The invention is preferably 
installed in a tunnel T in the ground. Tunnel T is 
defined by walls 14, IS, 16 , and 17. 

A biag G is placed on a conveyer L. The con- 
veyor L moves a passing series of such bags through an 

20 X-ray beam and an array of scintillation detectors A, 
B, C, and D. A typical detector element will later be 
described with respect to Figs. 3A and 3B. It will be 
understood that all of the elements A, B, C, and D have 
the interior construction set forth in Figs. 3A and 3B. 

25 An electron beam B originates at a linear 

accelerator N. An electromagnet schematically shown at 
E on both sides of the electron beam B, electronically 
scans the electron beam. The beam B, after scanning, 
then enters a magnetic lens M. The beam is bent at 

30 steady lens M and then becomes incident directly down- 
ward upon a tungsten target W in about 10. equally spaced 
spots with a spatial - separation of about 2.5 inches. 
50 MeV X-rays are produced in the target W, and directed 
in narrow bundles vertically downward. 

35 It will be observed that detector B is divided 

into two portions overlying the conveyor L to allow 
downward passage of the beam. Likewise detector D is 
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► * 

divided into two portions to allow downward passage of 
the beam. The downward passage of the beam continues 
until the beam is absorbed at a full oil tank S. 

The reader will understand that just because 
5 the detector elements B and D are divided into two sec- 
tions each, the representative construction remains the 
same. That is to say, each detector section B and D is 
constructed exactly like the representative construction 
illustrated in Figs. 3 A and 3B. 

10 Insulation is required in tunnel T against 

scattered x-rays, neutrons, and radioactive gamma rays. 
The tunnel has* a cross-section of about 5 feet by 5 r 
feet, and the walls 14, 15, 16, 17 are, for the most 
part, lined with layers of, or mixtures of sulfur, boron 

15 oxide, and -lead. These elements have good properties, 
insofar as freedom frpm long-lived gamma ray emitters 
are concerned, so workers can enter the tunnel safely 
in about a day. Long-lived beta ray emission can be 
stopped by covering the tunnel wall with plywood or 

20 sheets of aluminum. In addition, boron absorbs neu- 
trons, so very few neutrons or high energy photons will 
leak out of the open ends of the tunnel. 

Regarding such escaping radiation, the use of 
the equivalent of a revolving door, to keep neutrons 

25 and gamma rays from escaping out the ends of the tunnel 
may be installed if imposed radiation limits so require. 
See my U.S. Patent No. 4,251,726 issued February 17, 
1981. Composition of the wall material may be deter- 
mined by the routineer with reference to the Table of 

30 Radioactive Isotopes. For example, various kinds of 

sulfur linings may be used. 

An oil backstop S is provided. I use the 

electron beam from a 50 MeV electron accelerator. It 

makes x-rays with energies up to a maximum of 50 MeV. 

14 

35 X-rays impacting nitrogen (N ) produce, by 

the (*,2n) reaction, an 11 millisecond half-life emitter 
of 4.4 MeV gamma radiation, plus copious amounts of 



WO 88/01788 PCT/US87/02170 

14 

annihilation radiation* with an energy of 0.511 MeV, 

which the detector is designed to ignore. The 4.4 MeV 

y-rays are picked up by the detector. 

Fig. 1 shows that oil is used as part of the 

5 tunnel wall only where it can be struck by the x-rays 

coming, directly from the tungsten target. The reason 

is that high energy x-rays striking Carbon can make 
7 

Be , 53-day half-life emitter of 0.477 MeV gamma rays, 
which are difficult to shield. By using oil, instead 

10 of some solid material, we can drain the oil into a 

sump, where it poses no radiological hazard to workers 
^ in the tunnel. Neutrons and x-rays behave quite differ- 

ently when scattered by potential wall materials. Any 
high energy x-ray photon loses energy in a very drastic 

15 manner, as .it scatters from any element — the scattering 
is done by the electrons, which are present in all ma- 
terials. For example, a 50 MeV photon ends up with the 
following energy, when scattered through these small 
angles: 10° - 20.2 MeV, 20° - 7.3 MeV, 30° - 3.6 MeV, 

20 and for larger angles, 9Q° - 0.5 MeV, and 180°, 0.25 
MeV. 

We will get a big flash of light in the coun- 
ter when the scattered x-rays hit* but they will leave 
no appreciable amounts of radioactivity that can be de- 

25 tected by the scintillation detector; it is not sensi- 
tive to the annihilation radiation from the 20 minute 
C* 1 , or to the low energy positrons from the C 11 . So 
although the scintillation detector would be considered 
to be radioactive, by most measures, that radioactivity 

30 will not be recorded in the detector described herein. 
Due to the intense flash of light when the x-rays are 
"on", we will want to turn off the high voltage on the 
photomultipliers to protect them at that time, so they 
will be ready to look . into the liquid, during the next 

35 44 milliseconds, before the x— rays are turned on again 
in a short burst. 
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The light from the accelerator burst will, 

for all practical purposes, be gone before we want to 

12 

start looking for N , in a few milliseconds. The proper 
delay time is of the order of milliseconds, to be de- 
5 termined by experiment. Slow neutrons "bouncing around" 
in the tunnel can last for a time given by At=L/v, when 
v is the velocity of a thermal neutron (2200 meters per 
second), and L is the travel distance in meters. So, 
if L = 2 meters, At=l millisecond. The boron lining of 
10 the tunnel will decrease the "lifetime" of the bouncing 
thermal neutrons inside the tunnel, and permit the count- 

12 

ing of the N gamma, rays to start earlier than would 
otherwise be the case. It might also help to narrow 
the cross-section of the tunnel on either side of the 
15 detector. 

12 

This delayed counting feature of the N method 
makes it much improved over the earlier techniques, 
that look for a "signal," while the activating radiation 
is still "on" (such as the use of thermal neutron bom- 

20 bardment; to find the high energy gamma rays emitted by 
nitrogen when it captures slow neutrons, one must find 
those high energy gamma rays in the huge background of 
2.2 MeV gamma rays, due to the capture of slow neutrons 
on the ubiquitous hydrogen). 

25 The oil backstop can generate C^"* (20 minute 

half-life), which we do not detect, and high energy 
neutrons. In order to diminish the number of neutrons 

in the vicinity of the scintillation counter, and the 

16 16 
N that those neutrons can produce on O , by the (n,p) 

30 reaction, it may be desirable to put the oil backstop 
at the bottom of a narrow well, down which the high 
energy x-rays can pass, but which will impede the upward 
flow of neutrons. 

The tunnel T must be suitably lined to prevent 

35 escape of neutrons. Neutrons scatter quite differently, 
and more like hard spheres. So if they bounce off heavy 
nuclei (they hardly interact with electrons) they can 
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keep most of their energy, even when turned through 
180°. But frequently, when high energy neutrons scatter 
from nuclei, they lose appreciable amounts of energy, 
by the process called "inelastic scattering." The energy 
5 loss of the neutron appears as gamma radiation from the 
struck nucleus. But neutrons with more moderate energies 
are heavily absorbed in boron. Therefore, the tunnel 
is lined with boron (perhaps B 2 0 3 — a glass- like material) 
plus lead. It may be found that no appreciable harmful 
10 radiation leaks out the ends of the tunnel,, particularly 
if the tunnel has curves in it to prevent neutrons that 
are scattered, tmly once from leaking out, so the bags.* 
may not need a "radiation tight door." 

Optionally, such a door could open and close, 
15 to let in the bags, so long as the accelerator was turned 
off whenever the door was open. This expedient will 
depend upon determined and imposed radiation limits. 

The detection physics of this disclosure may 

be summarized as follows: I make use of the fact that 
12 

20 N has by far the shortest lifetime one can make with 
50 HeV x-rays, and that emits gamma rays in the 4.4 MeV 
range. Every time a burst of x-rays irradiates a pass- 
ing bag G y we make radioactive atoms of the ith ele- 
ment. We can think of the irradiated volume of the bag 

25 as being 2.5" x 2.5" x 16" « 100 cubic inches. If this 
volume contains m i grams of the i th element, with an 
atomic weight A. , then it contains m./A. moles of that 



element. 



23 

Each mole contains 6 x 10 atoms, so the 



30 



23 

small volume contains 6 x 10 m./A. atoms of the i th 
element. Each atom has an "effective cross-section," 
c^ 9 for the reaction of interest. We are exploring 
this volume along the 16-inch axis, so the area we see 
is 2.5" x 2.5" = 40.32 cm 1 = a. If we shoot in parti- 
35 cles at random along the 16-inch axis, the chance that 
one will produce the reaction of interest is a probabil- 
ity equal to the effective area of all the atoms of 
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interest, (6 x 10 23 m i /A i ) x o ± , divided by the area of 
the volume, a = 40.32 cm 2 . 

In the following calculation, the reader will 
note I use numbers now known only to an order of magni- 
5 tude, but that is of no concern, since we can always 
make more "signal," by using more x-rays. The problem 
is therefore not signal, but signal-to-noise ratios and 
the foregoing analysis has shown that the interfering 
"noise" will most probably be negligibly small. Assume 

10 that we have a layer of explosives 1-inch thick, paral- 
lel to the belt, and perpendicular to the x-ray beam. 
If we assume the density of the explosive to be 1 gm 
per cm 3 , and 30% by weight nitrogen, then there will be 
a surface density of nitrogen equal to S.D. = 2.54 (cm 

15 thick) x 0.30 (gms/cm 3 ) =0.76 gms/cm l . Since the 

atomic weight of nitrogen = 14, there will be 0.76/14 = 

22 

0.0544 moles of N per cm 2 = 3.27 x 10 atoms of N per 
cm 2 . If we assume the cross-section for the (t 9 2n) 

-28 -4 

reaction to be 10 cm 2 (10 barns, where 1 barn = 

20 10 cm 2 ), the probability that any incident photon 

22 

will produce the desired reaction is 3.27 x 10 x 

O Q — g 

10 = 3.27 x 10 . That is a very small chance, but 

we can shoot in lots of high energy photons, so we can 

12 

still make many N atoms. . 

25 Again, for an order of magnitude estimate, 

assume we have a beam of 50 MeV electrons (from our 
accelerator) with a beam current of 10 milliamps (6 x - 
10 electrons per second), for 2 microseconds. This 
is a peak power of 500 kW, which is a "reasonable" power 

30 from an inexpensive electron accelerator of the "race- 
track microtron" variety, and also from a more conven- 
tional linear accelerator. So 1.2 x 10 11 electrons hit 
the tungsten target in that short interval of time. 
About 80% of the electrons make photons, so we make 

35 10 11 photons per pulse. Of these, about 22% have ener- 
gies high enough to make the (JT,2n) reaction go. (I 
assume the maximum energy is 50 MeV, and the threshold 
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energy is 32 MeV, so the useful fraction is close to 
In 5G - In 32 =0.45 [In is the natural log]). So the 
useful number of photons per burst (to order of magni- 
tude) is 4.5 x 10 10 . Now, to find the number of N 12 

5 atoms made per burst, we multiply 4.5 x 10 10 by the 

—6 5 
probability* 3.27 x 10 , to give 1.5 x 10 . Thus, 

sufficient reaction is present to enable detection, at 

12 

each pixel, even though only 2% of the N atoms emit 

4.4 MeV gamma rays. 

10 We can see that this 2.5-inch pixel scan 

looked at only 6.25 cm 2 x 2.54 cm x 1 grams of explo- 
sive — 15.9 gms of explosive. This is 0.57 ounce. 
Known specifications ask for the detection of either 

2.5 or 4 pounds of explosives. We will probably count 

15 about 0.5% of all the N 12 atoms we make, or 1.5 10 5 x - 

-3 4 
5 x 10 — 750 per 0.57 oz, or 2.-/1 x 10 counts per 

pound, or 53,000 counts per 2.5 lbs of explosives. 

(That is a satisfactory high total count, in a situation 

where I have not been able to identify an interfering 

20 reaction.) 

I now will consider the amount of nitrogen in 

the air in the bag. The density of nitrogen in air is 

—3 

close to 10 gms/cm 3 * so the surface density of nitro- 
gen in a 16-inch thick bag is 16 x 2.54 x 10~ 3 = 0,04 
25 gms/cm 2 . Compare this with the surface density of our 
1 inch of explosive, which we have seen is 0.76 gm/cm 2 , 
or 19 times less. .But the air N is a fairly constant 

12 

background, whereas the explosives N varies from place 
to place, with very different values in neighboring 
30 pixels. 

A worst case scenario constitutes bag G- con- 
structed of sheet explosives. The area is then 32 w x 
24 n x (2.54) 2 =5000 cm 2 . If we want to hide 4 lb of 
explosives in this way (about 2000 gms), the surface 
35 density of the explosives is about 0.4 gm/cm 2 , so the 
thickness of the plastic is less than 2. mm, and the 
surface density of nitrogen is 0.4/3 = 0.13 gms/cm 2 . 
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This is more than 3 times the air density. It may also 
true that such a thin sheet of xplosive will not be 
able to sustain a detonation wave. 

If atmospheric nitrogen ever presents a sig- 
5 nificantly interfering fraction of the detected reaction, 
the bags can be passed through a moderate vacuum chamber, 
and the nitrogen exchanged with C(> 2 , or some other inex- 
pensive, undetectable gas. Bags do let the air escape, 
as the outside pressure is reduced. 
10 Continuing with the worst case scenario of 

sheet explosive, it is useful to calculate the thickness 
of the explosive that could be made to look like a more 
ordinary bag cover. I assumed the mass to be 2000 grams, 
so with a total bag area of 2 x 24" x 32" + 2(24" + 
15 32") x 16" = 3,328 in 2 = 21,400 cm 2 , so, at unit den- 
sity, the thickness of the bag forming surface is (2000 
gm/1 gm/cm* )/2 1,400 cm 2 = 1-0 mm! 

At one time, I incorrectly concluded that a 
bag made of sheet explosive had a surface density of 

20 nitrogen smaller than that of air, so I looked into the 
possibility of flushing the nitrogen out of the bag. 
That is a straightforward engineering job, using stan- 
dard "roughing pumps" and gas valves. Flushing bags 
from sea level to 8000 ft and back to sea level with 

25 C0 2 takes 7.65 flushes to get the atmospheric nitrogen 
down to one-tenth of its sea level value with replace- 
ment by C0 2 . Each flush leaves 0.74 of the previous 
density of nitrogen. So to get down to 0.1 of sea level 
nitrogen pressure, we want 0.74 =0.1, or n log 0.74 = 

30 log 0.1, so n = 7.65. 

If we flush the bags up to 20,000 feet, 
e -20/26 _ o.46 f the number of flushes to get down to 
p = 0 -lP o * s 9*ven by n log 0.46 = log 0.1, so n = 3.0. 
That is preferred. (The air is pumped down at each of 

35 the three cycles to just under half of normal pressure-- 
0.46.) 

So now, each 16-inch thickness contains atmo- 
spheric nitrogen with a surface density of 16 x 2.54 x 
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-3 -1 ' 

10 x 10 * = 4.1 milligrams p r. cm 2 . The question now 

is can the expedient of flushing be avoided? 

A list of some of the nitrogen surface densi- 
ties expected can be instructive. (Assumed explosive 
5 density = 1 gm/cm* ) . 

1 inch of normal explosive 762 mg/cm 2 
1/4 inch of normal explosive 190 mg/cm 2 
Sea level air 41 mg/cm 2 

Sea level air flushed three 
10 times with C0 2 4 mg/cm 2 

1 mm thick explosive as 

bag wall >• 100 mg/cm 2 

From a review of the above densities, we can 
easily see the exceedingly thin explosive, since it 
15 would raise- the detected N at every point in the bag, 
from its normal value of 41 mg/cm 2 to the new value of 
100 mg/cm 2 everywhere. I am confident that this big 
factor of 100/41 = 2.5 in almost every one of the 130 
pixels, or, at twice the resolution, 520 pixels, could 
20 not escape detection* 

For purposes of this disclosure radioactivity 
can be analyzed in either of two ways: 1) the number 
of active atoms in the sample at any time; or, 2) the 
number of atoms that decay (emit positrons and annihi- 
25 lation gamma rays) per second. (The number of atoms 

that decay per second by emitting 4.4 MeV gamma rays is 
2% of the number that decay by emitting positrons.) 
These two measures of radioactivity are always propor- 
tional to each other; if we call 1) N (not to be con- 
fused with nitrogen, but) meaning the total number of 
radioactive atoms in the sample — in, our case, the sample 
is a volume element 2.5" x 2.5" x 16". The decay rate 
is called dN/dt, and it is equal to 0.693 N/t%, where 
t% is the half- life, or, for N 12 , 0.011 seconds. (0.693 
35 is In 2, and a constant that all nuclear physicists 
know.) So if we have made the calculated 150,000 N 12 
atoms in our elongated box, they will decay, initially, 



30 
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at the rate of 0.693 x 150,000/0.011 = 9.5 x 10 per 

second. (If they continued to decay at that rate, they'd 

all be gone in t = N/dN/dt = 1.5 x 10 5 /9.5 x 10 6 = 0.016 

second, which is one half-life divided by 0.693. Ev- 

5 eryone knows that they don't keep decaying at that same 

rate; as the earlier ones decay, that leaves fewer in 

the sample, so N decreases with time; and, consequently, 

dN/dt decays in the same way, since dN/dt is proportional 

to N, through the time constant, 0.016 seconds. The 

10 fraction of atoms left after m half lives is (0.5) m , so 

if we do roughly as I plan, we'll count for about 4 

5 12 

half lives. If there were 1.5 x 10 N atoms in the 

box, and we detected the 4.4 MeV gamma rays with an 

efficiency, f, of 0.5%, we would have 1/8 of the origi- 

15 nal number after 3 half lives, and 1/16 (= 0.063) after 

4 half lives. So out of 150,000 atoms and after 4 half 

5 

lives, we would have detected 1.5 x (1 - .063)10 x 5 x 

-3 12 

10 = 703 N atoms. This number is slightly smaller 
than the number of 750 calculated earlier, because we 

20 stopped counting at the end of 4 half lives, and so 

missed 47 counts. (We will see later that those counts, 
which signal the presence of nitrogen in the bag are 
not lost, but simply assigned to a "later pixel.") To 
put things in proper perspective, we should remember 

25 that we have been discussing the detection of a 1-inch 

thick layer of explosive covering a square 2.5 inches 

on a side. This is 3.66 ounces of explosive, at unit 

density. So, we detect 750 counts per 3.66 oz., or 

4 

3,280 per pound, or 10 for the required 3 pounds per 

30 bag ("mean" of 2.5 and 4 lbs, the two values specified 

4 

by the FAA) . The standard deviation of 10 counts is 
102 counts, or 1%. It is now instructive to list the 
total number of counts for various items that might be 
found in a standard bag. 
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Oblect 
Explosive 
Air 



Wt. lbs 



0.56 



3 



Lbs. of N 



0.45 



0,9 



Total Counts 



10,000 
5,000 



Sweaters 



5 



Orion 0.81 0.214 2,380 

Nylon 0.55 .0.055 611 

Wool (Large) 1.90 0.304 3,380 

Wool (Medium) 1.31 0.210 2,330 



A first glance at this table might make it 



10 look as though ordinary items might cause the detector 
to signal a false alarm. But on second thought, one 
must remember thst the air count will be nearly the 
same for each of the 130 pixels, or 5000/130 = 38 ± 6 
counts per pixel. The sweaters will give similar counts, 

15 since they .are spread over many pixels. But compare 
these numbers with 3 pounds of explosive spread out 
over 13 pixels (1-inch thick bundle); the counts per 
pixel are therefore 10 4 /I3 = 751 ±27. (If the bundle 
is 2 inches thick, the count per pixel will of course 

20 be 1500.) So, the explosive should stand out clearly 
for two reasons: (1) the number of counts per pixel is 
about twenty times larger than the background rate from 
air, and perhaps ten times larger than from the air 
plus a sweater, and (2) the high count per pixel will 

25 be seen for 13 or more neighboring pixels. One will 

not have to build much artificial intelligence into the 
controlling computer, to make it sound the alarm. I 
would suggest that bags which are not given an obvious 
"free of excess nitrogen'- opinion, be automatically 

30 sent through an ordinary x-ray scanner, to let a human 
operator search the bag for detonating equipment — wires 
and detonating caps. 



closed rate of scan just said fits with all the numbers 
35 in the problem. Assume the bags are spaced, center to 
center, by 36 inches, so their speed is 36" /6 sec = 6" 
per second. Each "look" at the N 12 takes 4 half lives 



Calculation can be made to show that the dis- 
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' (decay down to J** = 1/16 = 6%) . The half-life is 11 
milliseconds = 0.011 sec, so each "look" takes 0.044 
sec. The time for a 32-inch bag to pass the scanning 

« 

x-ray beam (it scans as a pencil beam, transverse to 
5 the belt direction — the 24-inch direction) in a time 
t = 32 "/6" per sec =5.33 sec. So the number of looks 
per bag is 5.33 sec/0.044 sec = 121. The area of the 
32" x 24" face of the bag is 768 in 2 . So the area of 
each pixel is 768/121 = 6.35 in 2 . So as a first approx- 
10 imation, each square pixel should be Z6.35 = 2.52 inches 
on a side. That would give 24"/2.52" =9.52 columns by 
r 32V2.52" - 12.70 rows, for a total of .9.52 x 12.70 = 121. 

For the purposes of the design, I round the 
numbers up changing 9.52 to 10, and changing 12.70 to 
15 13. So the total number of pixels is now 10 x 13 = 
130, and the time per pixel is reduced from 0.044 sec 
to 0.044 x 121/130 = 0.041. If we make the pixels 
square, with 2-5 inches on a side, we will scan 10 x 
2.5" = 25" along the 24-inch direction, and 13 x 2.5" = 
20 32.5" along the 32-inch (belt) direction. These are 
good numbers, but ones which can be further changed in 
the design to be sure that the complete surface of the 
bag is scanned. (It must be remembered as a worst case 
that a bomber might make the suitcase out of sheet ex- 
25 plosive, to pretend that it was leather.) So we want 
the detector to come up with a number that tells quite 
accurately how many pounds of nitrogen the whole bag 
contains — including the walls and the air. (The total 
number of counts of 4.4 MeV gamma rays is directly pro- 
30 portional to the total amount of nitrogen in the bag. ) 

An alternate calculation on the scan rate can 
be made: the bag moves 6 inches per second, and the 
time per look is 0.041 sec, which is very close to the 
4 half lives I've assumed earlier. We take 10 looks 
35 along the 24-inch direction, for each 2.5-inch step in 
the 32-inch direction. 10 looks takes 0.41 seconds, 
during which time the bag moves on the belt by (6 inches 
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* 

per sec) x 0*41 sec = 2.46", which is close to 2.5", to 

show that the basic numbers are solidly based. 

It has now been shown in broad outline how 
12 

the generation of N in baggage, under x-ray bombard- 
5 ment can form the basis for an explosives detection 
device. It has the good feature that it should not 
ever let, through a bag that has a few pounds of explo- 
sives in it. (So the detection efficiency should be 
very nearly 100%.) And since I can't find, in a library 
10 search, any source of interfering 4.4 MeV gamma rays, I 
will say that the number of "false positives" should be 
close to zero. ■ ** 

I will now suggest two other ways of operating 
the proposed nitrogen detector. Up to this point, I 

15 have considered using the four half lives per pixel 

12 

scan, to "observe" the decay of the N counts, with 

their 11 millisecond half-life, to be sure that the 

12 

counts came from N . It is a simple matter to subtract 

in real time, any relatively constant background (and 

20 almost all radioactive substances except N 12 do not 

decay appreciably in 44 milliseconds) . The basic idea 

is that one registers two counts (1) the total number 

12 

in the full 4 half lives of N , and (2) the number in 
the fourth half -life of N 12 . We then multiply this 

25 last number by 4, and subtract the product from (1). 
That provides strong discrimination against gamma ray 
emitters with lifetimes greater than 0*5 seconds. (This 
is the "real time subtraction technique" referred to 
earlier.) I have checked this method, analytically, 

30 over a wide range of background half lives, and back- 
ground counting rates, and it operates very satisfac- 
torily. If the background counting rate is small com- 

12 

pared to the N initial counting rate, the "subtracted 
number of counts" is 69% of the real number of N counts 
35 (See Fig. 2.) At higher background rates, the subtracted 
number is closer to the real number, but if the back- 
ground is too high, statistical fluctuations cause 
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problems. It is for' this reason that I have devoted so 
much attention to reducing the various kinds of back- 
grounds . 

But now that I have been unsuccessful in find- 

5 ing a serious source of background counts in the 4.4 

16 

MeV energy range, except for the N discussed earlier, 
it may be that the background subtraction routine just 
described is not a good use of the full 44 milliseconds. 
I believe it may be more useful to confine the measure- 

10 ments to a single half-life (11 milliseconds), and use 
the four times more rapid scan mode to accomplish one 
of two important objectives. We can speed up the belt, 
by a factor of four, to examine each bag in 1.5 seconds, 
instead of 6 seconds. That would permit 2400 bags to 

15 be screened every hour, instead of 600. Or, equally 
easily, we could scan each bag with pixels only 1.25 
inches on a side, at the 6 seconds per bag rate. I 
believe the faster belt speed is the preferable choice, 
and I will explore that option in some detail, to the 

20 point that anyone interested in the higher resolution 
mode will know what to do to avoid the "smearing" of 
the image, caused by counting for only one half- life, 

instead of 4. 

Suppose we are examining a bag with no nitro- 

25 gen in it except for a 2.5-inch cube of nylon. If we 
look at the gamma ray counter, after each pixel is 
scanned at the rate of one pixel per 11 milliseconds, 
we will find it reads zero for every pixel scanned up 
to the one containing the nylon. That pixel will show 

30 n counts, but the next pixels, all of which contain no 

nitrogen, will show counts of n/2, n/4, n/8, n/16, etc., 

12 

respectively, because of the decay of the N . This 
"smearing of the image" can quite easily be eliminated, 
in real time, by the following simple algorithm: 
35 As the x-ray beam scans the bag from the first 

to the Nth pixel, the number of counts registered by 
the scintillator in the mth 11 millisecond interval. n m 
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is added to the number in the mth memory, register. If 

that is all that happened* we know that there would be 

a "decay tail ,r extending upward through the registers 

labeled m+l r m+2, m+3, etc. To get rid of that tail, 

5 we instruct the computer to add n m . to the mth register, 

and subtract n 72 from the m+1 register, n/4 from the 

m in 

m+2 register, etc. It is obvious that for the simple 
case just discussed, when there was a nylon cube in an 
otherwise evacuated bag, all the expected 2n m counts 

10 end up in the correct register, labeled m. (Registers 
beyond m will* at first, have negative numbers of counts 
in them 0 , and will be filled up to zero, due ta*the decay 
of the N 12 atoms in pixel m.) It can easily be seen 
that if we don't operate on the counts coming from the 

15 counter, but on those remaining in the corresponding 
register, this, algorithm will "desmear" any image to . 
look like the one that would have been obtained from 
that bag if each pixel had been counted for 10 half 
lives instead of only 1. And as said earlier, we can 

20 operate with 1.25-inch pixels, using the same "desmear- 
ing algorithm," at the rate of 1 bag every 6 seconds 
(instead of the 1.5 seconds used in the last illustra- 
tion) . There may be some problems with the spread of 
the x-ray beam, in going down to 1. 25-inch pixels, but 

25 I think it can be done successfully. (Tests will show 
whether or not a practical nitrogen detector can operate 
at 1.5 seconds per bag, rather than at the 6 seconds 
per bag rate, which is the method that seems sure to 
avoid background interferences- I mention the faster 

30 method only as a possibility that has some fine advan- 
tages, in the event that background problems cause less 
of a problem that my "worst case scenario" suggests.) 

I should finally calculate the radiation dose 
to materials in the bag* due, first of all to the x-rays, 

35 and secondly, due to the radioactivity of such isotopes 
11 15 

as C and O . Rough estimates of these two doses 
includes 250 rads for the x-ray dose, and 0.1 rads from 
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10 



the radioactivity. These numbers indicate that film 
will be exposed, if left in checked baggage. But that 
presents no real problem, since most people who use 
film are frankly skeptical of notices that say film 
will not be exposed by the existing x-ray scanners, so 
they carry their film, to bypass the x-ray beams. It 
is believed professional photographers (and most ama- 
teurs) who carry their film around the x-ray machines 
now in use, will not be seriously inconvenienced to do 
the same with the N 12 scanners; in fact, there will be 
signs posted warning them to do so. 

One might wonder if it could be possible to 
shield three pounds of explosive with enough absorbing 
material, such as lead, to keep the high energy x-rays 
15 from hitting the nitrogen, and therefore stopping the 
reaction, N 14 ( gamma, 2n)N 12 , or for the same reason, to 
keep the 4.4 MeV gamma rays from the explosive, from 
reaching the detector. The answer to both questions is 
no; the shield would weigh close to one hundred pounds, 
20 even if the explosive were in its most compact form of 
a sphere, and considerably more, for more ordinary 
shapes. The reason is that the attenuation length in 
lead for 4.4 MeV gamma rays is about 58 grams per cm 2 , 
and about 4.5 times less for 50 MeV x-rays. So I see 
25 no way in which the proposed technique for finding nitro 
gen can be countered either by shielding the explosive, 
or by including some harmless material in the bag that 
would "jam" the detector, with too high a counting rate 
of high energy delayed gamma rays from a very short- 
30 lived radioactive isotope. There doesn't seem to be 
any such material in the whole periodic table. 

The next paragraphs will describe some of the 
unusual features of hollow scintillation detectors for 
4.4 MeV gamma rays. There are not many demands for 
35 counting gamma rays in this energy range, and when there 
are, they are usually met by the use of solid scintillat 
ing material of the sodium iodide or bismuth germinate 
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variety, which have components of high atomic number, 
that absorb high energy gamma rays more readily than do 
materials of lower atomic number. This situation does 
not occur when half million electron volt gamma rays 
5 are detected. Such "medium energy" radiation is ab- 
sorbed almost equally well by all elements, on a gram 
per square centimeter basis. So it is interesting to 
note that for low energy gamma rays (e.g. 100 keV) , and 
for high energy gamma rays (e.g. 4.4 MeV) lead is a 

10 very much more powerful absorber than light elements 
(e.g. carbon) > on a mass per unit area basis, but for 
medium energy radiation, *all elements — except hydro- 
gen — are very nearly equally good absorbers. (Surpris- 
ingly, hydrogen is nearly twice as good as most every 

15 other element, but its density is so low that no one 

would seriously consider its use as a gamma ray absorber 

Sodium iodide and bismuth germinate are ex- 
cellent substances to use in detectors for 4.4 MeV gamma 
rays, but for use in the proposed nitrogen detectors, 

20 they have two serious disadvantages, (1) they are very 
expensive in sizes large enough to surround a "standard 
bag," and (2) their maximum counting rates are very low 
compared to what can easily be tolerated in organic 
scintillators, in either liquid or solid form. The 

25 pulses from the high Z, expensive scintillators have a 
characteristic time width of 1 microsecond, in contrast 
to the characteristic time width for organic scintilla- 
tors, which is shorter by 2 or 3 orders of magnitude. 
So for both of these reasons we will use organic scin- 

30 tillators in the proposed nitrogen detector, in two 
different detector geometries that have great promise, 
and that will be described later. Organic solids are 
of course now commonly used, but because they are made 
of all low Z elements, they are not very efficient ab- 

35 sorbers of 4.4 MeV gamma rays. To make organic scin- 
tillators more efficient, it would be convenient to use 
liquids that have been "doped" by the addition of high 
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Z material, in solution. Such doped scintillators have 
been used in past years. The Bichron Company of Newbury, 
Ohio can supply a liquid organic scintillator that was 
doped with 30% by weight of Tin Oxalate, so that its 
5 absorption length for 4.4 MeV gamma rays was consider- 
ably less than that for undoped liquid scintillator. 

Modern environmental protection laws now pro- 
hibit the use of such high Z dopants; they are all 
classed as poisons. So I had to devise alternative 

10 schemes for detecting 4.4 MeV gamma rays, both of which 
I will now describe. But if a non-poisonous high Z 
additive should become available, it would be preferred 
over either of the two alternative detectors, each of 
which can do an effective job of detecting the 4.4 MeV 

15 gamma rays, and rejecting annihilation radiation, and 
other medium energy delayed photons.) 

To understand the proposed sandwich detector 
for 4.4 MeV gamma rays, we must examine the way such 
gamma rays are absorbed in lead, and how the resulting 

20 pair (of an electron and positron) loses its energy in 
the plastic scintillator, and how the scintillation 
light is "piped" to the photomultiplier(s) . 

High energy gamma rays are absorbed primarily 
by creating an electron-positron pair (this is called 

25 "materialization," or "working the Einstein E=mc 2 equa- 
tion backwards," where we use energy--of the gamma 
ray — to create the mass of two electrons, which takes 
1.022 MeV). Each electron of the pair moves nearly in 
the direction of the gamma ray, which disappears in the 

30 process. The sum of the kinetic energies of the two 
electrons (+ and -) is equal to the gamma ray energy 
minus 1.022 MeV. When the positron stops, it gives 
rise to two annihilation photons, each with an energy 
of 0.511 MeV, as is well known. So overall, energy is 

35 conserved; our 4.4 MeV photon gives rise to about 3.4 
MeV of kinetic energy, shared by the electron and 
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positron, and when the positron annihilates, the "missing 
1 MeV is rieleased. 

The cross-section for the pair-production 
absorption process, at any particular gamma ray energy, 
5 is proportional to Z 2 , and since atomic weights increase 
roughly proportional to Z, the mass absorption coeffi- 
cient (measured in cm 2 /P) increases roughly as Z. So 
to get the most absorption in a; given thickness of ma- 
terial (measured in gm/cm 2 ), we naturally use lead (den- 

10 sity =11.3 gm/cm 2 and Z =82) as the absorber. The 
mass absorption coefficient of lead, for 4.4 MeV gamma 
t * rays, is close to 0.017 cm 2 /gm. So if * we want to re- 
duce the gamma ray intensity to e~^" (=0.368), we must 
use (0.017) = 58 gm/cm 2 of Pb, = 5.13 cm thickness. 

15 That would be fine if all we wanted to do was absorb 
the gamma, rays. 

But we need to absorb the created electron 
pair in scintillating material, and register the optical 
photons in photomultiplier s . So we must know how elec- 

20 trons are absorbed in both lead and organic scintillat- 
ing material. The rule of thumb for the latter is that 
a high energy electron (kinetic energy greater than its 
"rest energy" of 0.511 MeV) loses about 2 MeV per gram 
per cm 2 of low Z materials, and less than that for 

25. heavier elements. (Eor Pb, the energy loss is about 
1.3 MeV per gm/cm 2 .) This number tells us that the 
lead must be thin, if we want , to make sure that the 
electrons emerge, to be largely absorbed in the plastic 
scintillator. * If we used 1 mm thick Pb plates 

30 (px = 1.13 gm/cm 2 ), each electron could lose 1.13 x 1.3 
MeV = 1.47 MeV for a total "invisible energy" of 2 x 
1.47 = 2. 94. MeV. So, with 4.4 MeV of original gamma 
ray energy, we could have lost 1.022 MeV + 2.94 MeV, to 
end up with only 0.44 MeV absorbed in the scintillator. 

35 This is. the same energy an electron pair could 

have if it were made "at the far side" of the Pb plate, 
under the influence of a 1.46 MeV gamma ray (in a pair 
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production process), or under the influence of an annihi- 
lation photon (in a Compton scattering process). This 
would certainly not give adequate energy resolution. 
So we must use thinner Pb, to make more of the kinetic 
5 energy of the electron pair appear in the plastic scin- 
tillator. But when we make the Pb thinner, we need 
more sheets to accomplish our other important objective 
of absorbing the gamma rays, and that means we must 
have more layers of plastic scintillator, thus increas- 

10 ing the overall thickness and the complexity of the 
detector. (This example will show why the use of a 
"high Z-doped" liquid scintillator would have been so 
much more satisfactory; in such material, we do not 
"lose" the electron energy in the gamma ray- absorbing 

15 material — it is transparent to optical photons, and not 
opaque, as lead is.) 

We have seen that 1 mm sheets of Pb are too 
thick, as far as their electron- absorbing properties 
are concerned. We will now look at those same sheets, 

20 from the point of view of their gamma ray absorbing 
' properties. If our stack consisting of Pb and plastic 
scintillator consisted of 1 cm thick plastic inter- 
leaved with 1 mm Pb sheets, for a "unit thickness" of 
1.1 cm, and if the total thickness was 30 cm (=1 foot), 

25 there would be 30/1.1 = 27 layers or 1.13 x 27 = 30.8 
gm/cm 2 of Pb. This would absorb 1-exp (-30.8/58) = 41% 
of the gamma rays, which would be quite a satisfactory 
value. 

If we cut the Pb thickness in half, to 0.5 
30 mm, our maximum electron energy loss drops to 1.47 MeV, 
which is probably tolerable, but can be made smaller if 
we need better energy resolution in our gamma ray de- 
tector. If we use 0.5 mm Pb sheets, and still a 1 foot 
thick sandwich, we will detect 23% of the gamma rays, 
35 which is not too far from the 1/4 I assum d in calculat- 
ing the expected counting rates. 
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A representative detector element is illus- 
trated schematically in Figs 3A and 3B. It will be 
understood that this element is representative of ele- 
ments A and C, or either of the elements B and D. Sheets 
5 plastic scintillator 101 are placed between sheets of 
lead foil 102. Light is discharged to two reflection 
chambers 103, 104 - Light is counted from the 
reflection chamber by photomultiplier .107. 

The numerical examples I've given in this 

10 section will show that a reasonable compromise can be 
made between the conflicting requirements of gamma ray 
attenuation and "gamma ray energy resolution. Referring* 
to Fig. 3A and 3B> the thickness of the plastic scintil- 
lator 101 should probably be cut from 1 cm to 0.5 cm, 

15 because 1 cm can absorb 4 Me V from a pair of electrons, 
which is more than is available. So we can use more 
layers of lead 102, and so gain in gamma ray absorption. 

I will now describe briefly the light-piping 
properties of plastic scintillator, using the phenomenon 

20 of total internal reflection. It is standard practice 
in high energy physics laboratories, worldwide, to pass 
high energy particles normally through plastic scintil- 
lators, for timing measurements. (The energy lost in 
the plastic is usually not measured, since it is very 

25 nearly the same for all the singly-charged particles of 
interest'. ) The scintillation photons are emitted uni- 
formly in all directions, so the fraction emitted out- 
side a cone with half -angle (about the normal to the 
surface) equal to sin" 1 n" 1 will be totally internally 

30 reflected from their point of origin all the way to a 
photomultiplier- (Certain restrictions are placed on 
the cross-.sections of the "light pipes" from the scin- 
tillator to the photomultiplier, but these restrictions 
are well understood by practitioners of this art, so it 

35 is sufficient to state that one can do satisfactory 
pulse-height analysis on the light pulses from gamma 



WO 88/01788 PCT/US87/02170 

33 

rays,' particularly if one uses a photomultiplier on 
both sides of each scintillator. 

It is also well known in this art that one 
can cut down on the required number of photomultiplier s 
5 by using secondary fluorescent light pipes. But for 
the present purpose, it is sufficient to say that lay- 
ered detectors of the kind described above can be ob- 
tained from commercial suppliers, and they should be 
able to satisfy the primary requirements of counting 
10 4.4 MeV gamma rays with acceptable efficiency, and re- 
jecting most gamma rays with energies below some value 
in the 1 to 1.5 MeV range, and above 5.5 MeV„ although 
the latter cut-off is not so important. 

The other detection scheme applicable to the 
15 proposed nitrogen detector makes use of undoped organic 
liquid scintillator, and utilizes the Compton process 
instead of the pair-production process, as the mechanism 
of interaction between the 4.4 MeV gamma rays and the 
condensed matter in the detector. It turns out that 
20 the Compton cross-section in organic scintillator is 
larger than the pair-production cross-section in lead, 
so one might wonder why my first modified detector used 
lead. The answer is simply that in pair-production, 
the incoming photon disappears, so all pairs share the 
25 same total kinetic energy of E=2mc 2 . That is ideal in 
a doped scintillator, but when we go to the sandwich 
detector, we see that the- visible energy in each pair 
depends on which side of the Pb sheet the pair is cre- 
ated. So we have lost the beautiful property that is 
30 inherent in the pair-production process, of equal sized 
pulses in the photomultiplier for all equivalent photons. 
So it is then worth looking more carefully at the Compton 
process, where there is am inherent variation in pulse 
height, for a given incoming energy, depending on how 
35 the photon scatters at each interaction. The total 
Compton interaction length in liquid scintillator is 
about 1 foot, so one can make an acceptable, and very 
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inexpensive energy sensitive detector for 4.4 MeV gamma 
rays, with no high Z dopants, and: no lead foils. (In 
fact, there is such a detector in my laboratory, on 
which I did the basic design, which has a thickness of 
5 14 inches of liquid scintillator in all directions about 
a source of gamma rays— solid angle = 99.+ % of the 
total possible). So, such a detector was my first choice 
when the doped scintillator disappeared as an immediate 
possibility* because I knew its properties in great 

10 detail. I then explored the sandwich detector because 
it was in effect a solid doped detector. But the nec- 
essary "smearing" of the energy resolution: described 
above made me realize that the "pure Compton" detector 
should not be discarded simply because it had an inher- 

15 ent energy smeared response. So I now believe that 

experiments will have to be done to determine which of 
these two detectors is to be preferred. For that reason, 
my claims will describe both kinds, and I am confident 
that both can do the job. 

20 In earlier sections of this descriptive matter, 

I stressed the need to suppress the sensitivity of the 
gamma ray detector to photons with energies below some 
"cut-off value," such as 1 to 1.5 MeV. The more I have 
examined possible background gamma rays, the less I 

25 find in value about the high energy cut-off. The only 

possible interfering gamma ray in that energy range is 

16 

the 6 MeV photon from N . But as I've shown earlier, 
such a gamma ray is largely eliminated from considera- 
tion by the fact that its half- life is 700 times longer 

12 

30 than that of N . . So I now think there is a very good 
chance that we can operate the gamma ray detector with- 
out any particular high energy cut-off, depending mainly 

on the subtraction technique to eliminate any effects 
16 - 

due to N , with its much- longer half- life. (Of course 
35 we will cut out the very large pulses from cosmic rays, 
which will typically amount to an energy loss in the 
detector of more than 100. MeV. ) 
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The reader will understand that this invention 
extends to any method of detecting the reaction of 
14 N(I,2n) 12 N- It is the uniqueness of the decay above 
1 MeV in 2% of these reactions which gives the desired 
5 signature which I detect for the overabundance of 
nitrogen. 

The reader will also note that I do not prefer 

to have sufficient energy present to cause the reaction 

12 13 

of oxygen to either N or 0. These limitations will 

10 be understood only to avoid the resultant decays from 
these reactions from interfering with the detectability 
of the reaction 14 N(T , 2n) 12 N. Narcotics are sometime^- 
smuggled in checked baggage. All such narcotics are 
~4% nitrogen by weight. To see if we can detect co- 

15 caine we take a single standard 8" x 5" x 3" kilogram 
brick lying flat in the bag. A pixel contains (40.32 
cm 2 ) (7.62 cm) (% gm/cm 3 ) - 153.6 gm of cocaine with a 
nitrogen surface density of (153.6/40.32) (0.04) ~ 0.153 
gm/cm 2 . There will be 0.01 moles N /cm 2 -6.6 x 10 21 

20 atoms N /cm 2 . The detected signal will be (6.6 x 10 21 ) 
(10" 28 )(4.4 x 10 1:L )(.02)(.04> - 230 counts/pixel on 
average spread over only 6 to 10 pixels. This is five 
times the atmospheric nitrogen rate. Therefore, we 
will be able to detect this distinctive profile with 

25 our position specific sensitivity. 

The reader will understand that many narcotics 
are smuggled in the form of bricks or other distinctive 
shapes. The discovery of a profile of such shapes will 
naturally assist those observing the detector of this 

30 invention in locating bags having a high probability of 
contained narcotics. 

Most commonly used narcotics have ranges of 
nitrogen varying from 3% to 6%. It will be apparent 
that the apparatus herein* disclosed will be effective . 
35 in locating such narcotics concealed within luggage G. 

This completes the description of the nitrogen- 
detecting technology. 
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WHAT IS CLAIMED- IS : - 

1. A method of scanning a series of articles 
for randomly placed nitrogen concentrations comprising 

5 the steps of: 

providing an x-ray source having sufficient 
photons in the energy range sufficient to cause a signi- 
ficant reaction 

14 N(gamma,2n) 12 tf 
10 but insufficient to cause a significant reaction of O 
to 12 N or to 13 0; 

irradiating a suspect article to ^determine 
the presence of nitrogen with radiation sufficient to 
cause the reaction 14 N( gamma ,2n) 12 N where gamma is x- 
15 radiation and n is a neutron; 

detecting gamma radiaition from said suspect 
article in a detector with energy exceeding 1.0 MeV. 

2. The method of claim 1 and wherein said 
20 detecting steps includes suppressing gamma radiation 

signals below 2 MeV. 

3. The method of claim 1 and wherein said 
detecting step includes the steps of suppressing radia- 

25 tion below 2 MeV arid suppressing gamma radiation above 
6 MeV- 

4. The method of claim 1 and wherein said 
irradiating a suspect article step includes conveying 

30 said suspect article relative to an irradiating source. 

5. The method of claim 4 and wherein said 
article is conveyed at 0.5 ft/sec* 

35 6. The method of claim 1 and wh rein said 

irradiating step includes irradiating an article in 
discrete pixels. 
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7. The method of claim '1 and wherein said 
d tecting step includes detecting for said radiation 
over a solid angle up to but not exceeding 90%. 

5 8. The method of of claim 6 and wherein 

said detecting step includes detecting each scanned 
discrete pixel for approximately four half lives. 

9. The method of claim 6 and wherein said 
10 detecting step includes detecting each scanned discrete 
pixel for approximately one half-life, and removing the 
otherwise confusing smear of the image, 

10. The method of claim 1 wherein said scanned 
15 article is luggage and including prior to said irradiat- 
ing steps the steps of placing luggage in a gas contain- 
ing substances other than the nitrogen and varying the 
atmospheric pressure on said luggage whereby atmosphere 
containing nitrogen is substantially flushed from said 

20 luggage. 

11. The invention of claim 1 and wherein 
said detecting step is alternated with said irradiating 
step whereby said irradiating energy is not detected. 

25 

12. The method of claim 6 and wherein said 
detecting step includes accumulating counts from a de- 
tector in a memory after irradiating a pixel and sub- 
tracting one-half of a previous count from a subsequently 

30 to be scanned pixel whereby traces of half lives are 
removed . 



35 



13. A method of scanning a series of conveyed 
articles for randomly placed nitrogen concentrations 
comprising the steps of: 




WO 88/01788 PCT/US87/02170 



38 

r 

providing an x-ray source having sufficient 
x-rays in the range sufficient to cause a significant 
reaction 

14 N(gamma>2n) 12 N 

16 

5 but insignificant to cause a significant reaction O 
to 12 N, or 16 0 to 13 0; 

irradiating a relatively moving suspect arti- 
cle to determine the presence of nitrogen with radiation 
sufficient to cause the reaction **M( gamma, 2h) 12 N where 
10 gamma is x-radiation, and n is a neutron; 

detecting delayed radiation in a scintillation 

detector in the range t exceeding 1 MeV for a plurality 

12 

of half lives of the decay of said N ; and 

making a first count of said scintillation 

12 

15 detection for a plurality of m half lives of said N 

and making a second count of said scintillation detector 

for a residual half-life of and 

multiplying the counts in the last half- life 

by m, and subtracting those multiplied counts from the 
20 first count, to give a nitrogen response largely free 

of counts from any longer- lived background radioactivity, 

14. Apparatus for scanning a series of rela- 
tively moving articles for randomly placed nitrogen 
25 concentrations said apparatus comprising: 

an x-ray source having sufficient photons in 
the energy range sufficient to cause a significant 
reaction 

14 N(gamma,2n) 12 N 

16 12 

30 but insufficient to produce a reaction Q to N» or 

16- . 13- 
O to O; 

means for scanning said x-ray source on a 
suspect article to determine the presence of nitrogen 
with radiation sufficient" to cause a reaction 
35 14 N(gamma^2n) 12 N where ganima is x-radiation and n is a 
neutron; and 
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'a detector located adjacent said article for 
detecting: gamma radiation above 1.0 MeV. 

15. The apparatus of claim 14 and including: 
a tunnel in the earth; 

a conveyor passing through said tunnel in the 

earth; and 

said detectors are mounted in said tunnel in 

the earth. 

16. The apparatus of claim 14 and including 
a liquid target for said radiation on the opposite, side 
of said belt for absorbing said x-ray radiation - 

15 17. The invention of claim 14 and wherein 

said tunnel is lined with material selected from the 
group comprising boron oxide, sulfur and lead. 

18. The invention of claim 14 and including 
20 means for placing said article in a bath of gas other 

than nitrogen and fluctuating the pressure on said arti- 
cle to flush ambient nitrogen from said article. 

19. The invention of claim 14 wherein said 
25 radiation source overlies said tunnel. 

20. The invention of claim 14 wherein said 
detector contains a liquid scintillator. 

30 21. The invention of claim 20 and wherein 

said detector contains a liquid scintillator having a 
high Z dopant. 

22. The invention of claim 14 and wherein 
35 said detector contains sandwiched plastic scintillator 
and sheets of lead. 
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23. The method of claim I- and where said 
nitrogen is contained in expiosiv . 

24. The method of claim I and where said 
5 nitrogen is contained in narcotics at a level of at 

least 3% by weight. 
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